The azimuthal helix orientation of the rigid-rod amphiphilic diblock copolypeptides (PLGA-b-PMLGSLGs) of poly(α-L-glutamic acid) (PLGA) and poly (γ-methyl-L-glutamate-ran-γ-stearyl-L-glutamate) with 30 mol% of stearyl substituents (PMLGSLG) in Langmuir-Blodgett (LB) monolayers was investigated using polarized transmission Fourier transform infrared spectroscopy. The relative position of dipping with respect to the previous transfer position can be used to manipulate the azimuthal orientation of the helices parallel to, or tilted by an angle of 45 o with respect to the dipping direction in the transferred films. The study of the azimuthal order for the LB monolayers of PLGA-b-PMLGSLGs of various block lengths revealed that the observed effect arises mainly from the deformation of the PMLGSLG top brush layer, induced by the flow orientation around the transfer region. In those cases where the PMLGSLG block is tilted by a sufficiently large angle with respect to the surface normal, high azimuthal order parameters of 0.5-0.75 were obtained.
Introduction
The Langmuir-Blodgett (LB) technique has proven to be a powerful tool for the creation of ultra-thin films with control over two-dimensional order and packing of molecules. 1 Especially, in-plane preferential molecular alignment can be introduced in the LB films due to the orientation phenomenon during the vertical transfer of Langmuir films onto solid substrates. This special orientation effect has been observed for rigid-rod polymers, 2,3 rod-like crystals, 4 stacks of disc-like molecules 5, 6 and stretched two-dimensional flexible polymer networks. 7 The inplane anisotropy in LB films is of great interest as it offers the materials useful physical properties for potential applications as alignment layers of liquid crystals, 8, 9 optical nonlinear waveguides, 10 matrices for orienting conductive guest molecules 11 and electronic and microelectronic materials. 12, 13 The reported orientation phenomenon during the transfer process results in an alignment of the molecular main chain axis along the dipping direction. The effect has been explained by flow orientation models, [14] [15] [16] in which a sink flow near the transfer region is responsible for orientation of the molecules parallel to the transfer direction. It has been reported for hydrophobic rigid-rod polymers and aggregates, the transfer speed and substrate width with respect to the trough width are main factors that affect the degree of orientation. 6, 14, 15 Hairy-rod polypeptides provide stable LB films with a highly ordered array of α-helices aligned parallel to the substrate. 2 They show lyotropic and thermotropic behavior 17, 18 and have received attention in the past years. LB films of these hairyrod polymers show strong dipping-induced in-plane anisotropy with a very high degree of orientation parallel to the dipping direction, which has been demonstrated both experimentally and theoretically. 14, 19 We studied amphiphilic diblock copolypeptides consisting of a hydrophobic block of hairy-rod poly(γ-methyl-L-glutamate-ran-γ-stearyl-L-glutamate) with 30 mol% of stearyl substituents (PMLGSLG) and a hydrophilic block of rigid-rod poly(α-L-glutamic acid) (PLGA). Besides the high mobility provided by the amorphous side chain mantle of the hairy-rod polypeptide block, monolayers of these diblock copolypeptides exhibit a brush structure composed of densely packed parallel α-helices, which are tilted at an angle with respect to the water surface normal (Chapter 5).
Interestingly, we observed strong effects of in-plane anisotropy produced by the transfer process in the LB monolayers of these diblock copolypeptides. Particularly, a dipping-induced helix orientation oblique by an angle with respect to the dipping direction was observed for the first time. Here, the azimuthal helix orientation effect induced by the vertical transfer of LB monolayers of the PLGAb-PMLGSLG diblock copolymers is reported.
Experimental section

Materials
α-Helical PLGA-b-PMLGSLG was synthesized via a diblock copolymer precursor consisting of poly(γ-tert-butyl-L-glutamate) (PtBuLG) and PMLGSLG, with the tert-butyl group as a mild acid-labile, protecting group for the carboxylic acid. The molecular weights of the diblock copolymers were characterized by 1 H-NMR (CDCl 3 ) and gel permeation chromatography (tetrahydrofuran eluent, polystyrene standard, universal calibration). 20 The tert-butyl group was removed using trifluoroacetic acid. A detailed description of the synthesis and molecular weight characterization of the diblock copolymers can be found in Chapter 2. PLGA-b-PMLGSLGs are abbreviated as CoPo_m_n, where m and n denote the degrees of polymerization (DPs) of the PLGA and PMLGSLG blocks, respectively. PMLGSLG (DP = 118) was prepared by random copolymerization of MLG-NCA and SLG-NCA (70:30 mole ratio) in chloroform at 0 o C using triethylamine as initiator. The synthesis of this copolymer is described in Chapter 2.
Langmuir-Blodgett (LB) film deposition
The substrate cleaning procedure was described in Chapter 3. The LB film transfer was performed using a home-modified computer-controlled Lauda Filmbalance (FW2), with an accuracy of 0.05 mN/m. The water used for the subphase was purified by reverse osmosis and subsequently through a Milli-Q filtration system. PLGA-b-PMLGSLGs were spread from N-methylpyrrolidone (NMP)/chloroform (3/7, v/v) solutions with 1-3 % (v/v) of acetic acid added, at a concentration of 0.4-0.6 mg/mL. PMLGSLG was spread from a chloroform solution at a concentration of 0.6 mg/mL. Vertical transfer of a PLGA-b-PMLGSLG monolayer onto a cleaned silicon substrate was done at a sub-phase temperature of 20 ± 0.1 o C, at down-and up-stroke speeds of 100 and 10 mm min -1 , respectively, for CoPo_59_82 and at down-and up-stroke speeds of 100 and 1 mm min -1 for the other diblock copolymers. Monolayers of PLGA-b-PMLGSLGs were deposited onto both sides of the hydrophilic substrates during the upward stroke. Transfer ratios were around unity (± 10%). A multilayer film of PMLGSLG can be deposited onto a hydrophobic substrate by Y-type transfer, at down-and up-stroke speeds of 3 mm min -1 .
The Langmuir trough used was 600 mm long and 200 mm wide. The substrate was 10 mm wide and the total immersion length was 12 mm. The thickness of the substrate was 1000 μm.
Removal of one-sided layer
The monolayer on one side of the transferred LB film can be removed by treating with a NMP/trifluoroacetic acid (7/3, v/v) mixture. After 1 hour, the treated substrate side was rinsed with Milli-Q water and then with methanol, and finally was blown dry with a strong flow of nitrogen.
Transmission Fourier transform infrared (FT-IR)
Transmission FT-IR measurements of films on double-sided polished silicon substrates were performed at a resolution of 3 cm -1 , under vacuum on a Bruker IFS66 V/S FT-IR spectrometer equipped with a MIR DTGS detector. A sample shuttle accessory was used for interleaved sample and background scanning. A clean silicon substrate was used as the reference. Each spectrum is an average of 40 cycles of 120 scans.
The polarized transmission FT-IR measurements were performed as described above, but with the use of an automated polarizer at a resolution of 4 cm -1 . The sample holder was oriented such that the IR beam was perpendicular to the surface of the double-sided polished silicon substrate supporting a polyglutamate film (Scheme 6.2). By means of the polarizer the electric field vector was directed to a specific direction parallel to the substrate and at an angle to the dipping direction of the substrate (Y axis). Only the component of the dipole transition moment in the direction of the electric field vector in the plane of the substrate was detected. The polarization angle was varied in the range of 0-180 o in steps of 15 o . Each spectrum is an average of 20 cycles of 120 scans.
Curve-fittings of the side chain ester (C=O stretching), acid (C=O stretching), amide I (mainly C=O stretching) and amide II (mainly C-N stretching) regions of transmission FT-IR spectra were performed using Bruker OPUS software (version 4.2). The parameters were optimized using a Levenberg-Marquardt algorithm. 21, 22 
Results and discussion
Monolayers of the amphiphilic PLGA-b-PMLGSLG diblock copolymers have been shown to be stable up to ca. 50 mN/m (Chapter 5). By vertical deposition using the LB technique, a two-sided monolayer film of PLGA-b-PMLGSLG can be transferred onto a hydrophilic substrate on the upstroke. The monolayers exhibit the α-helical double-brush structure with unidirectionally aligned helices (Scheme 6.1), as evidenced by transmission FT-IR and small angle X-ray reflectivity (Chapter 5). Scheme 6.2 shows the coordinate system of a helix molecule in the transferred LB film, presented in the experimental setup for the LB transfer and the polarized transmission FT-IR analysis. The average helix tilt angle (θ, Scheme 6.2) has been shown to be dependent on the transfer pressure and the diblock copolymer block lengths (Chapter 5) and is summarized for various PLGA-b-PMLGSLGs in Generally, the withdrawal of a substrate through the interface and transfer of the monolayer causes monolayer disturbance. This produces flow orientation effects which can induce orientation of the main chain of rigid rod molecules. 23 The transferred PLGA-b-PMLGSLG monolayers were observed to exhibit preferential azimuthal helix orientation with respect to the dipping direction (φ, Scheme 6.2) induced by the film transfer. The tilt azimuth was characterized with the use of polarized transmission FT-IR. The orientations of the amide transition dipole moments for a polypeptide α-helix, relative to the helix axis, are presented in Table  6 .2. The transition dipole moment of the amide I and amide A vibrations are oriented almost parallel to the helix axis, while that of the amide II vibration is nearly perpendicular. Thus, a film with a random azimuthal helix orientation results in the same absorption intensity of the amide bands at different polarization angles. On the other hand, variation in the absorption intensity of these bands as a function of polarization angle reveals the mean azimuthal orientation with respect to the dipping direction as well as the azimuthal orientation order (e.g. see Figure  6 .4). The polarization angle giving maxima in absorption intensity of the amide I and amide A bands, in accordance with a minimum in absorption intensity of the amide II band, indicates the azimuthal angle (φ, Scheme 6.2) by which the helices are tilted to the dipping direction. The degree of azimuthal orientation is characterized by an order parameter S, which can be calculated from the transmission IR dichroic ratio R using the following relations: 24,25
where A || and A ⊥ are the amide band absorptions at the polarization angle parallel and perpendicular to the preferential alignment direction of the helices, respectively, α is the angle between the transition dipole moment of the amide band and the helix axis (Table 6 .2). In this work the order parameter S was calculated from analysis of the integrated area of the amide I absorption band. For analyzing the orientation effects in the monolayer on the front side (side facing the moving barrier) or on the back side of the substrate, the monolayer on the other side was removed by one-sided treatment using a solvent/acid mixture. The transmission FT-IR spectra of a PLGA-b-PMLGSLG monolayer film before and after the one-sided solvent treatment are shown in Figure 6 .1. The absorption intensity of the film after the treatment is half of that before the treatment, indicating a successful one-sided removal of the monolayer. There was no variation in absorption intensity of the side chain methylene stretching bands at 2925 cm -1 and 2855 cm -1 and the C=O stretching bands of the ester and acid groups at 1738 and 1711cm -1 . This indicates that these groups are oriented randomly around the α-helices.
Azimuthal orientation changes during monolayer transfer after stabilization
It is seen that the molecules deposited close to the top of the substrate, corresponding to an immersion length of 2 mm, are oriented perpendicular to the dipping direction (φ = 90 o ). On further transfer, along the substrate the helix orientation changes towards parallel to the dipping direction (φ = 0 o ), with the order parameter increasing with immersion length. At about the middle of the film, a transition orientation at φ = 60 o is observed, however, with a very small degree of order. The change in the azimuthal orientation of the helices in the transferred film along the vertical direction of the substrate can be explained by the flow orientation and deformation of the monolayer during transfer. A convergent flow produced by vertical dipping and withdrawal of the substrate through the interface, as shown in Scheme 6.3, brings about the orientation of the main chain axis towards the dipping direction. This two-dimensional flow pattern, induced by a two-sided vertical film transfer in a transfer geometry where the substrate is much smaller in width than the trough, has been reported by Schwiegk et al. 14 for monolayers of hairy-rod polymers, including the hydrophobic PMLGSLG. Whereas for PMLGSLG the molecules are randomly oriented in the compressed Langmuir monolayer 27 as well as in the first transferred area of a single LB monolayer, 14 in-plane anisotropy seems to be already formed in the compressed monolayer of PLGA-b-PMLGSLG. The lateral molecular orientation parallel to the barrier (perpendicular to the dipping direction) is probably generated during film compression and stabilization. It was also noted that compared to PMLGSLG, the stabilization time of the PLGAb-PMLGSLG monolayers, in the surface pressure range of 20-45 mN/m, was much longer, most likely due to rearrangement of the molecules until the equilibrium state was achieved. Since the compression process of the PLGA-b-PMLGSLG monolayers was accompanied by a significant increase in chain density and increase in chain tilting order, a preferential main chain alignment was probably favored during the process. Figure 6 .5 show the polarized transmission FT-IR spectra, the amide I band absorption intensity as a function of polarization angle and the azimuthal order for an LB monolayer of CoPo_63_39 transferred onto a silicon substrate with the dipping position the same as for the previous transfer. Originating from both the flow pattern retained in the monolayer generated by the previous transfer and the convergent flow effect caused by the transfer itself, the helices are oriented parallel to the dipping direction with a high order parameter S of 0.7. As shown in Figure 6 .5, the order parameter increases negligibly with immersion length. Furthermore, a successive monolayer film transfer resulted in the same azimuthal order. This suggests that after the first transfer with an immersion length of about 10-12 mm, the azimuthal orientation order (developed at the middle of the convergent flow region) almost reaches a stationary value. The azimuthal order in the back-side monolayer is somewhat smaller than that in the front-side film.
Peculiarly, after a transfer e.g. performed at the middle of the trough (position 1, Scheme 6.2), for the next transfer when moving the dipping position along the X axis to a position at a distance of 25 mm away from the previous one (position 2, Scheme 6.2), the transferred monolayer film of PLGA-b-PMLGSLGs exhibited a strong azimuthal orientation at an angle of 30-60 o . Representative polarized transmission FT-IR spectra, the amide I band absorption intensity as a function of polarization angle and the azimuthal order parameter are shown in Figure 6 .6 and Figure 6 .7 for a monolayer film of CoPo_63_39 with the transfer condition as just described. The spectra indicate a φ of 45 o with a high order parameter S ≈ 0.5. Measurements at various positions along the horizontal direction (X axis) in the transferred film gave the same results. The influence of dipping position relative to the previous one on the azimuthal helix orientation is summarized in Table 6 .3. Experiments with the dipping position at other distances in the range of 20-30 mm from the previous transfer position also showed a preferential orientation with φ equal to 30-60 o but with less order. A successive transfer after the one having this effect (entry 4, Table 6 .3) or dipping at a distance further from the previous transfer (entry 5, Table 6 .3) resulted in an azimuthal orientation along the dipping direction. The effect observed can be ascribed to the flow history in the monolayer caused by the previous transfer. As depicted in Scheme 6.3, there is a convergent flow and at the two sides of the sink flow, the α-helix rods can be rotated by the shear flow and aligned at an angle relative to the compression direction. Upon the next transfer at the side of the deformed monolayer region, the orientation of the transferred molecules was affected by both the pre-oriented flow pattern in the compressed monolayer and a flow effect generated by the new transfer. The latter is indicated by a slight change in the azimuthal orientation from φ = 60 o to φ = 45 o , but with a negligible change in order with increasing immersion length ( Figure  6.7) . As seen in Figure 6 .7, the azimuthal order parameter S for the front-side layer is larger than for the back-side layer. This indicates that the shear flow effect due to the transfer, accompanied by the monolayer compression, is much greater for the side facing the compression barrier. Because the interval between the two successive transfers was large (ca. 20 min), the preserved helix orientation in the subsequent transfer indicates that relaxation of the orientation is very slow if occurring at all. Besides, varying the transfer speed (upstroke speeds of 1 and 30 mm min -1 ) resulted in the same azimuthal angle φ of 45 o . Different from other hydrophobic rigid rod polypeptides, the molecular arrangement in the monolayer flow pattern of PLGA-b-PMLGSLGs can be relatively stably maintained throughout the next transfer, in spite of a new convergent flow produced tending to orient the rods towards the dipping direction. figure) for an LB monolayer of CoPo_63_39 transferred at 40 mN/m onto a silicon substrate at the same dipping position as for the previous transfer.
The transfer-induced azimuthal orientation phenomenon with φ = 45 o , only observed for the amphiphilic PLGA-b-PMLGSLGs, can probably be related to the molecular organization characteristic of their highly packed double-brush structure. The induced orientation phenomenon studied here affected only the tilt azimuth and not the tilt order. Brewster angle microscopy images of the PLGA-b-PMLGSLG monolayers upon compression to high surface pressures showed homogenous films with no formation of any macroscopic domains (Chapter 3). Moreover, it has been implied that at the transfer pressures investigated (Table  6 .1), in the monolayer of CoPo_59_82 the PMLGSLG block segments are oriented isotropically around the water surface normal with an average tilt angle, whereas the monolayers of the other diblock copolymers might exhibit a smectic C-like phase (Chapter 5). Therefore, the same transfer-induced orientation phenomenon observed for all PLGA-b-PMLGSLGs strongly suggests the orientation of individual polymer chains. The individual arrangement of a helix is in a strong relation with the surrounding ones as a whole. Besides, the side chain mantle around the α-helices of the PMLGSLG block provides the molecular mobility at the interface. As a result, the molecules can be strongly sheared towards a preferential orientation by any monolayer deformation caused by the combined effects of shear flow and compression. This azimuthal orientation can be significantly maintained because of strong mutual relations of the parallel α-helices in the double-brush. To assess the influence of the double-brush structure on the phenomenon, the same experiments on the dipping-induced azimuthal orientation were performed for other PLGA-b-PMLGSLG diblock copolymers with different block lengths and tilt orders (Table 6 .1). The influence of the PMLGSLG and PLGA block can be indicated separately by studying the azimuthal orientation effect in the LB films of respectively PMLGSLG and a PLGA-b-PMLGSLG diblock copolymer with the PMLGSLG block oriented nearly perpendicular to the interface. The results for the azimuthal orders obtained are shown in Figure 6 .8. Because the chain density at the interface and the average helix tilt angle of the double-brush monolayers are determined by the PMLGSLG hydrophobic block length (Chapter 5), it appears that the PMLGSLG block also has a crucial role on the transfer-induced azimuthal helix orientation. The first series of experiments corresponds to the same dipping position as for the previous transfer (entry 2, Table 6 .3), resulting in an azimuthal helix alignment along the dipping direction. The results showed that PLGA-b-PMLGSLGs with the PMLGSLG block tilt angle θ in the range of 40-75 o had high order parameters S of 0.7-0.8, which are slightly lower than for a multilayer LB film of PMLGSLG. However the order parameter considerably decreases with decreasing the tilt angle of the PMLGSLG block. For CoPo_50_11 consisting of a very small PMLGSLG block with a nearly perpendicular helix orientation, the azimuthal order parameter S is even lower than 0.1. Table 6 .1) and the azimuthal order parameter for the LB monolayers of PLGA-b-PMLGSLGs with the transfer condition as entry 2, Table 6 .3 (φ = 0 o ) and that with the transfer condition as entry 3, On the other hand, a similar trend for the effect of PMLGSLG block on the transfer-induced orientation was also found in the experiments with the transfer position at the side of the convergent flow generated by the previous transfer (entry 3, Table 6 .3). As indicated in Figure 6 .8, the azimuthal orientation tilt from the dipping direction by an angle φ = 45 o was only observed in the transferred films of PLGA-b-PMLGSLGs with the PMLGSLG block tilted by a sufficiently large angle θ PMLGSLG with respect to the surface normal. When the α-helices of the PMLGSLG block are oriented nearly perpendicular to the surface, for CoPo_50_11, the molecules were azimuthally oriented parallel to the dipping direction regardless of the dipping position, but still with an order parameter not exceeding 0.1. Furthermore, the azimuthal order found in these experiments correlates increasingly with the average helix tilt angle of the PMLGSLG block. Up to θ PMLGSLG = 74 o , the order parameter almost reaches the optimal value often found for the in-plane helix orientation of hairy-rod polymers. 14, 24 Therefore, it can be concluded that the azimuthal helix orientation phenomena induced by the transfer process in the LB monolayers of PLGA-b-PMLGSLGs arise mainly from the molecular shear of the PMLGSLG hydrophobic block. The observed effects are derived from the rod-like feature and especially from the parallel helix packing and the helix tilting at the interface specific for the doublebrush structure. Irrespective that the PMLGSLG block segments are oriented either isotropically or preferentially in the stabilized monolayers, they can be azimuthally oriented strongly under the influence of the flow pattern induced by the substrate dipping.
Conclusions
The influence of dipping position relative to the previous transfer on the azimuthal helix orientation has been found in the LB monolayers of the amphiphilic PLGA-b-PMLGSLG diblock copolypeptides. The dipping position can be manipulated resulting in an azimuthal alignment of the α-helices in the transferred films parallel to or tilted by an angle of 45 o with respect to the dipping direction. The azimuthal anisotropy originates from the flow history retained in the compressed monolayer and arises mainly from deformation of the PMLGSLG top brush layer upon transfer. Consequently, the azimuthal order of the transferred PLGA-b-PMLGSLG LB monolayers was low for the diblock copolymers with the PMLGSLG block oriented closely to the surface normal and increased with increasing tilt angle between this block and the substrate normal. For the diblock copolymers with θ PMLGSLG in the range of 40-75 o , significant azimuthal orientations, indicated by high order parameters S of 0.5-0.75, were obtained.
